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ABSTRACT

The purpose of this study was to investigate the effect
of processing and additives on the properties of the
Pb(Fe1/2N b l/2)°3_pl:)(Fe2/3w l/3)0 3 solid solutions. The basic
composition was 70 m% Pb(Fe1/ 2N b 1/ 2)°3 and 30 m%

Pb(Fe2/ 3W 1y 3 )03 . The additives used were MnO, PbO and
ZnNb06 . Pressed compacts were sintered over the temperature
range 900‘C to 1050°C for 1 to 5 hours.
The influence of processing and composition on the
properties was determined by measurement of density, shrin
kage, dielectric constant, dissipation factor and resisti
vity. The microstructures of the sintered specimens were
examined by X-ray diffraction and scanning electron micro
scopy.
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I. INTRODUCTION
Lead iron niobate Pb(Fe1/ 2Nbl/2)°3 and lead iron
tungstate Pb(Fe2/ 3W-iy3)03, (hereafter designated as PFN and
PFW, respectively) are both in the perovskite family with
the general formula Pb(B3 ,B2 )03 . Both of these compounds are
ferroelectric relaxors which have been extensively studied
since they were first reported in the late 1950's.1 Their
high dielectric constant, broad Curie temperature maxima,
and relatively low sintering temperatures have made them
promising candidate materials for multilayer ceramic capaci
tors (MLC). The objective of this work was to investigate the
effect of processing conditions and selected additives on
the dielectric and physical properties of PFN-PFW based
dielectrics.
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II. LITERATURE REVIEW
Relaxor dielectrics are distinguished by a paraelectric
to ferroelectric transition with a diffuse character which
has been attributed to micro-inhomogeneities of composi
tion .2 These stem from disorder of cations occupying octahe
dral sites in the unit cell. The statistical composition
fluctuations lead to shifts in the Curie temperature, and
thus over a wide temperature range there is an intimate mix
ture of ferroelectric (polar) and paraelectric (non-polar)
regions. This leads to the broad peak of dielectric constant
versus temperature that is of interest for capacitor appli
cations .
Relaxor type materials characteristically show a maximum
in the dielectric constant which tends to shift to higher
temperature and decreases as the measuring frequency is
increased. V.A. Isupov3 explained the relaxation displace
ment phenomenon, i.e., the frequency dependence of the tem
perature and dielectric maximum, by (a) relaxation of the
domain walls,

(b) relaxation of the "Kanzig regions" (very

small spontaneously polarized regions), and (c) relaxation
of the boundaries of the "Kanzig regions" and the boundaries
of the nonpolar islands within domains. His explanation of
the phenomenon mainly followed the lines of Smolenskii et
al.1
The best known and most extensively studied Pb-based
relaxor, P b ( M g 3^ 2/ 3 )0 3 , was first synthesized in the late

3
1950's by Smolenski and Agranoveskaya1. In a series of
papers, Smolenskii and his coworkers discussed the relaxor
behavior, and made predictions on the formation of these
complex compounds, which were based on the ionic radii,
ionic valencies and preferences of certain ions for a given
coordination number. They suggested that the origin of the
diffused phase transition was due to a distribution of Curie
points in the material which resulted from compositional
fluctuations, or micro-inhomogeneity (disorder) in the
B-site cations.
For capacitor applications it is desirable that the
Curie point of materials should be located at temperature a
little higher than room temperature. The Curie temperature
of PFN is located at 114°C, and that of PFW is -95°C.
Takamizawa4 have shown that a composition of 70/30 PFN/PFW
mole fraction ratio yields a Curie temperature of around
30 °C .
It is difficult to synthesize PFN and PFW to yield a
pure perovskite phase since an undesirable pyrochlore phase
is generally formed. For PFN and PFW, Kassarjian et al5 and
Yonezawa et al6 identified the pyrochlore phases to be,
Pb2Nb 2 07, Pb3Nb 20 8 and Pb3Nb4013. Once these pyrochlore
phases form, they are very stable.
Many reaction processes have been proposed for the pre
paration of pure perovskite relaxors5 < 6'7•8 . A columbite
-(wolframite) precursor method was first proposed by Swartz
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and Shrout7 '8 to fabricate Pb(Mg1/ 3Nb 2/ 3 )03, in which the B
site cations are prereacted to form either a columbite phase
B i (B2 )2°6 or a wolframite phase 6 ^ 2 0 4 . This method has also
been successfully applied to other relaxors5'6, such as PFN.
It has the advantage of minimizing the formation of the
pyrochlore phase. This process was used in this study with
the precursors FeNb04 and Fe 2W06.
Yonezawa et al .6 '9 have reported some studies on the
PFN—PFW system. In their studies, a maximum dielectric con
stant up to 28,000 was obtained.
Low temperature sinterability of these dielectrics is of
great importance in MLC applications. Thus, liquid phase
forming additives are usually introduced. Lejune et al .10
used PbO as a sintering aid to produce a liquid phase to
improve the sintering of PMN. With 21.8 mole% PbO content, a
dielectric constant of 15,400 was obtained after sintering
at 900°C for 6 hours. Guha et al .11 identified the liquid
phase which formed at 840°C. With 1 to 2 wt% excess PbO,
specimens of densities of 97% theoretical, dielectric con
stants of 18,000 and dissipation factors of 1% were
obtained.
Extensive work has been made to lower the sintering tem
perature of PFN-PFW materials. Jang et al .12 used Pb5Ge 30 11
as a sintering aid. With 10 wt% additions, densities of 90%
of theoretical were obtained after sintering at 850"C. How
ever, the resulting dielectric constants were less than

5
3,000. Reiley et al .13 published a study concerning the low
temperature preparation of PFN-PFW thick films. In these
films 7-10 vol% PbO addition was used to promote densification to 80-90% of theoretical density in the temperature
range of 850°C to 900°C. In a study by Yonezawa et al .9 PZN
was found to be most effective in improving the dielectric
properties. They have successfully made chip capacitors
which were sintered at temperatures less than 900°C from
this system.
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III. EXPERIMENTAL PROCEDURES

A. STARTING MATERIALS AND PREPARATION
The starting oxides used for the preparation of the com
positions in this study were PbO*, Fe203 **, Nb 205***,
W03****, MnO*****, and ZnO******. The 70PFN-30PFW
composition in mole percent was prepared by solid state
reaction techniques from powder precursors. Stoichiometric
ratios of FeNb04 and FeW06 powders were mixed with PbO by
grinding in an agate mortar for fifteen minutes. The result
ing powder was pressed into pellets at a pressure of 350
kg/cm2 and calcined in a closed alumina crucible at 800°C
for two hours in air. The calcining temperature was chosen
to maximize the reaction rate and to minimize the volatization rate of PbO.
The powder was then subjected to X-ray powder diffrac
tion analysis to identify the crystalline phase formation
and to ensure completion of the reaction.

*

Yellow Cement Grade, Fisher Scientific Company

**

Fisher Scientific Company

***

Apache Chemicals Inc.

****

TAM Ceramic Inc.

*****

Apache Chemicals Inc.

****** Fisher Scientific Company
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B. PRESSING AND SINTERING
Prior to pressing, the powders were mixed with a 8 wt%
polyvinyl alcohol-water solution. The powders were then
pressed at a pressure of 3200 kg/cm2 to yield 1.27 cm diame
ter discs. The pressed specimens have densities ranging from
57% to 60% theoretical.# In order to minimize the loss of
PbO, the specimens were stacked on presintered PFN-PFW set
ters and covered with another PFN-PFW pellet in a covered
alumina crucible. The specimens were first heated to 450"C
at a heating rate of 300°C/hr to burn out the organic
binder. After holding at 450°C for 1 hour, the temperature
was increased to the sintering temperature and held for a
given time period. The specimens were then cooled down by
turning off the furnace power.

C. PHYSICAL PROPERTY MEASUREMENTS
The specimens were weighed and measured for density,
porosity and shrinkage determination after sintering. A
buoyancy technique was used to measure the density. The liq
uid used was M-Xylene with an assumed a specific gravity of
0.87.

#

See Appendix A

After soaking the specimen in the liquid for 10
minutes, the density of the specimen was determined. The
data reported here are the average of two specimens.

D .DIELECTRIC MEASUREMENTS
The capacitors were coated with Indium-Gallium alloy as
electrodes and the capacitances and dissipation factors were
measured at frequencies of 1, 10 and 100 KHZ in the tempera
ture range from -20°C to +80°C. A General Radio 1689 RLC
bridge in connection with a Hewlett Packard HP-85 computer
and Hewlett Packard 3497A Data Acquisition and Control Unit
was used for the dielectric measurements. Electrical resis
tance was measured at the Curie temperature with a HP 4329A
High Resistance Meter.
All of the dielectric constant, loss factor and resisti
vity data are reported as averages of two separate speci
mens .

E. X-RAY DIFFRACTION ANALYSIS
The phase purity of the PFN-PFW powders was determined
by x-ray powder diffraction with a General Electric XRD-700
X-Ray diffractometer. The patterns were obtained with CuKa
radiation over a 2© range from 15° to 80° and a scanning
rate of 2 °/m in *
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F. MICROSTRUCTURE DEVELOPMENT
The microstructures and chemical composition of the
fractured surfaces of the sintered specimens were determined
by scanning electron microscopy (SEM) in connection with an
energy dispersive spectrometer (EDS).
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IV. RESULTS AND DISCUSSION
A. REACTIONS*
The columbite and wolframite precursor oxide methods
were used to fabricate PFN and PFW powders, respectively. A
completely reacted FeNb04 powder was formed by calcining
a mixture of Fe20 3 and Nb20 5 at 950°C for 3 hours followed
by 1100"C for 3 hours. However, it was necessary to calcine
a mixture of Fe2 0 3 and W0 3 for 4 hours at 950"C to form
FeWOg. Then, lead oxide was mixed and calcined with FeNb04
and Fe 2W0 6 to form PFN and PFW solid solutions, respec
tively.
The x-ray diffraction pattern of the base composition is
shown in fig. 1. Compared with the PFN and PFW JCPDS stan
dard cards ( No. 15-554 and 32-522 ), all the peaks in fig.
1 have been identified as perovskite. No pyrochlore phase
was detected.

*(i)

The compositions appearing in the following sections
will be designated as follows:
70 m% PFN + 30 m% PFW = base composition,

and

base composition + 0.87 m% MnO = standard composition
(ii) The data of dielectric properties shown in the follow
ing sections were all measured at their Curie tempera
ture and 1 KHz. See Appendix B.
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X-ray Diffraction Pattern (CuKa radiation),
resulting from the base composition, sintered
at 950°C for 3 hours.(PV = perovskite phase)
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B. WEIGHT LOSS
Lead oxide loss during the sintering process was deter
mined by weighing the specimens before and after heat treat
ment.
(Fig. 2a and 2b). For the sintering time and tempera
ture ( 3 hours and below 950°C), a maximum weight loss of
0.28 wt% was observed.** Longer sintering time and higher
sintering temperatures resulted in deterioration of the
dielectric properties and shift of the Curie temperature.
This was because PbO loss markedly increased at sintering
temperatures near 1100°C. ( from TGA, an increase in weight
loss was observed for temperatures exceeding 1100°C )

C. MANGANESE OXIDE DDITION***
Since the addition of MnO to many relaxor dielectric

**

The weight loss data for composition 54 m% PFN + 30 m%
PFW + 16 m% PZN + 0.875 m% MnO and standard composition
+ 1.79 m% ZN, both sintered at 950°C, are 0.28 wt% and
0.26 wt% Respectively. The increase in weight loss
occurring above 950°C is due to the presence of a liq
uid phase.

***

All calculations of additive contents were based on the
the formulae Pb4 Fe2Nb2012 anc* Pb 3Fe2W 0 9 instead of
Pb(Fe1/2N b l/2)°3 and p b (Fe2/3Wi/3)°3•
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materials has been found effective in reducing dielectric
losses9 '14, a small amount (up to 1.92 m%) of MnO was intro
duced to the base composition (70PFN-30PFW).
Four different MnO contents, ranging from 0.35 to 1.92
mole percent, were added to the base composition and sin
tered at 1000°C for 5 hours. The dielectric and physical
property as a function of MnO content are shown in fig. 3a
to 3d. It can be seen that the addition of MnO results in
an increase of resistivity, decrease of dielectric constant
and decrease of dielectric loss. No changes in the shrinkage
and only a slight increase in the density were observed with
increasing MnO content.
The role of MnO is not fully understood. However, it is
likely that most of the MnO remained in the grain boundaries
and some Mn+2 dissolved into the B site of the relaxor
lattice. If Mn +2 substitutes for Fe+3, it acts as an
acceptor, which will generate more oxygen vacancies and
increase the hole concentration. The presence of oxygen
vacancies could cause contraction of the oxygen octahedral
in the unit cell and lead to a decreased dielectric constant
and dissipation factor. The flattening of the curves with
MnO content exceeding 0.85 m% suggests that the unit cell of
base composition has become saturated with MnO.
It is expected that MnO in the grain boundaries makes
the grains more electrically insulating, thereby increasing
the resistivity.
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Figure 3. Properties of the base composition as a func
tion of MnO content, sintered at 1000°C for 5
hours, measured at the Curie temperature and 1
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D. SINTERING CHARACTERISTICS OF SPECIMENS WITH THE STANDARD
COMPOSITION
Figure 4 shows the temperature dependence of the dielec
tric constant and dissipation factor for specimens with the
standard composition ( 70 m% PFN + 30 m% PFW + 0.875 m% MnO
), sintered at 1000"C for 5 hours. Typical relaxor charac
teristics were observed with the respect to the dielectric
constant decreasing and Curie temperature shifting to higher
temperature with increasing frequency.
The dielectric and physical properties of specimens with
the standard composition which were sintered in the tempera
ture range from 900 °C to 1050°C for 1 to 5 hours are repre
sented in figures 5a to 5d. The specimens sintered at 1000°C
for 5 hours show the best properties with a 28,000 dielec
tric constant, 1 % dissipation factor, 1011 ohm-cm resisti
vity and 95% theoretical density. An increase in the sinter
ing temperature and time improves both the dielectric and
physical properties. This improvement is mainly due to an
improved microstructure (reduced porosity and increased
grain growth). The grain size of the specimens increased
from about 3jxm to 8/um ( calculated by using the planimetric
method# ) when the sintering temperature was increased from

#

This method was developed for use with a polished sur
face. It is used as an approximation for the fracture
surfaces used in this study.

Dielectric Constant
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Temperature (degree C)

Figure 4. Dielectric constant and dissipation factor vs.
temperature for the standard composition sin
tered at lOOO'C, 5 hours.
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S in te rin g Temperature (degree C)

(a). Dielectric constant vs. sintering temperature.
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(b). Dissipation factor vs. sintering temperature.
Figure 5. Properties of the standard composition, sin
tered for various temperatures and time, meas
ured at the Curie temperature and 1 KHz.
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Figure 5. Properties of the standard composition, sin
tered for various temperatures and time, meas
ured at the Curie temperature and 1 KHz.
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950°C to 1000°C. (Fig. 6a, 6b). A further increase in the
sintering temperature to 1050°C resulted in the decrease in
the dielectric and physical properties as shown in figures
5a to 5d, because the PbO loss problem became important at
1050°C and resulted in the appearance of grain boundary
phases (Fig. 6c).
With increasing sintering temperature, a shift of the
Curie temperature to lower temperatures from 35°C to 30°C
was observed, which may be due to the incorporation of more
MnO into the structure14.
In an effort to enhance densification at sintering tem
peratures below 950"C, several liquid phase forming addi
tives were introduced into the system and are described
in the following sections.

E. LEAD OXIDE ADDITION
Since in similar systems1 1 '12 little densification
occurs below a temperature of 950°C, several sintering aids
have been used to promote densification. PbO has been intro
duced to many relaxor systems1 1 '13 due to its low melting
point (887°C) and compatibility with Pb-based dielectrics.
The addition of PbO to the PFN-PFW system has an adverse
effect on the dielectric properties, although there is some
improvement in sintering. Fig. 7 shows that the presence of
the liquid phase has led to a dense microstructure. However,

22

(a). At 950 °C . 90% theoretical density.

(b). At 1000°C. 95% theoretical density.
Figure 6. SEM photomicrograph of a fracture surface of
the standard composition, sintered for 3
hours. Magnification : X3000.
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Figure 6. SEM photomicrograph of a fracture surface of
the standard composition, sintered for 3
hours. Magnification : X3000.
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the existence of a glassy grain boundary phase (even with as
little as 0.3 m% PbO ) leads to the deterioration of the
dielectric properties (Fig. 8 a-8c).
From Fig. 8d, it can be seen that with increasing PbO
content, the specimens tend to swell leading to a decrease
in density. This is probably due to an increase in the
amount of liquid in the grain boundaries.

F. LEAD ZINC NIOBATE ADDITION
According to Yonezawa9 , the addition of Pb(Zn]y3^ 2/ 3)03
(hereafter PZN) to the PFN-PFW system leads to lower sinter
ing temperatures, lower dissipation factors, higher
resistivities and increased mechanical strength. A linear
relation between the Curie temperature and the composition
was also found. It appears that PZN goes mostly into solid
solution with the base composition PFN-PFW. However, it is
well known that PZN can not be formed at atmospheric pres
sure. 15
For a perovskite structure to be stable, two basic
requirements are needed : (1 ) the ionic radii of the cations
should be within proper limits and (2 ) the cations and
anions should have a strong mutual ionic bond. Most PbObased

perovskite compounds do not fit these

requirements well, especially PZN. Even when PZN is formed
from a flux, either by slow cooling of the melt or by water

25

(a). Magnification : X1000.

(b). Magnification : X5000.
Figure 7. SEM photomicrograph of a fracture surface of
the standard composition with 2.8 m% excess
PbO sintered at 950‘C for 3 hours.
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3 hours, measured at the Curie temperature and
1 KHz.
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quenching, followed by a reheating to around 600°C, the per
ovskite structure converts to a pyrochlore structure. This
indicates that the perovskite structure in PZN is thermody
namically metastable.8
To investigate the role of PZN additions, PbO, FeNb04 ,
FeWOg and ZnNb206 were mixed in the same PZN mole ratio as
used by Yonezawa. For 0.16 m% PZN content, a shift of the
Curie temperature from 30 to 4

3

was found when specimens

were sintered at 950°C for 3 hours. Some perovskite PZN
might have formed, but, as mentioned in Yonezawa1s report
and found in the X-ray diffraction pattern of specimens with
composition (54 m% PFN + 30 m% PFW + 16 m% PZN + 0.87 m%
MnO) sintered at 950°C for 3 hours (Fig. 9), both pyrochlore
and perovskite PZN phases were formed.15
Three different PZN contents were added to the system.
They can all be written in the form [(1—X) mole PFN + 0.3
mole PFW + X mole PZN + 0.0085 mole MnO] where X is equal to
0.08, 0.16 and 0.24, respectively. These specimens were sin
tered for 3 hours at 900°C, 950°C and 1000°C. As shown in
Fig. 10a to lOd, results similar to those reported by Yone
zawa were obtained. With increasing PZN content, the dielec
tric constant decreased, the dissipation factor decreased
and the resistivity increased. Another characteristic that
these data show is that as the specimens with fixed PZN con-

## See Appendix B.
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Figure 9. X-Ray diffraction
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Figure 10. Properties of (1-X) mole PFN + 0.3 mole PFW +
X mole PZN + 0.009 mole MnO, sintered for 3
hours, measured at the Curie temperature and 1
KHz.
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tent were sintered at increasing temperatures( from 900°C to
1000°C ), their dielectric constant increased, while the
dissipation factor and resistivity decreased.
Two factors can account for the observed tendencies : 1)
the formation and mixing of perovskite PZN into the PFN-PFW
system and, 2) the formation of a liquid phase in the sys
tem. It was observed by Yonezawa15 that a liquid phase was
formed at 770°C. Although the composition of this liquid
phase is not clear, it is possibly related to the pyrochlore
phase formed along with perovskite PZN.
The first factor changes the dielectric and physical
properties as the PZN content changes (Fig. lOa-lOd) in the
manner as Mn+2 did to the base composition, which is a
decrease of dielectric constant and dissipation factor with
an accompanying increase of resistivity. The influence of
PZN content on dielectric properties (Fig. lOa-lOc) is
thought to be partly due to this effect.
The second factor will enhance densification and will
leave some pyrochlore phase in the grain boundaries. The
decrease in the dielectric and physical properties with
increasing sintering temperature can be explained by the
presence of an excessive amount of liquid phase in the grain
boundaries.
Fig. 11a and lib show the microstructure of specimens
sintered for 3 hours at 900°C and 950°C with composition
X=0.16, where X has the same meaning as mentioned above. It
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(a) .

At

9 0 0 ° C.

(b) . At 950 °C .
Figure 11. SEM photomicrograph of a fracture surface of
54 m% PFN + 30 m% PFW + 16 m% PZN + 0.87 m%
MnO, sintered for 3 hours. Magnification :
X3000.
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is clear that the liquid promoted densification since poro
sity decreased and grain size increased (from about 3/nm to
8/zm when the temperature increased from 900°C to 950°c) . On
the other hand, the increased sintering temperature leads to
the formation of more liquid with the end result of more
pyrochlore phase residing in the grain boundaries.
Fig. 12 shows the temperature dependence of the dielec
tric constant and dissipation factor for specimens with
X=0.16 which were sintered at 900"C for 3 hours. As can be
seen a typical relaxor dielectric behavior was observed.
Comparing the data (in Appendix B) of specimens with the
standard composition and sintered at the same conditions, we
can find that the dissipation factor decreased from 8% to 1%
and the resistivity increased from 109 to 1011 ohm-cm.
However, at the same time, the dielectric constant decreased
from 18,000 to 11,000. Again this is probably due to the
presence of a grain boundary phase.

G. ZINC NIOBATE ADDITION
Specimens with the base composition containing various
amount of ZnNb206 ( hereafter designated as ZN ) were sin
tered at 900°C for 3 hours and 950°C for 3 hours (Fig. 13a
to 13d). From these figures, it appears that an optimum ZN
content is required for sintering. Since there is no Curie
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Figure 13. Properties of the standard composition as a
function of ZN content, sintered for 3 hours
at 900°C and 950°C, measured at the Curie tem
perature and 1 KHz.
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temperature change###, it is supposed that the role of ZN is
mainly as a liquid former. An increase in the sintering tem
perature or ZN content will change the liquid phase content
and alter the dielectric and physical properties.
Examining figures from 13a to 13d, it was observed that
the optimum ZN content is 1.8 m% and 0.9 m% for 900°C and
950°C sintering, respectively.
Fig. 14a to 14d show the effect of the liquid content
on the microstructure. The increase of either ZN content
(from Fig. 14a to 14b or, 14c to 14d) or sintering tempera
ture ( from 900°C to 950°C) will cause the liquid phase con
tent to increase and change the microstructures.
Referring to the data of specimens with 0.9 m% ZN con
tents ( figures 13a-13d )and X=0.16 PZN contents (figures
lOa-lOd), both at 900°C, it can be seen that the dissipation
factor and resistivities are nearly the same, 1.5% and 1011
ohm-cm, respectively, but the dielectric constant is almost
two times larger. The reason for this is believed to be
related to the pyrochlore phase formation in samples with
the PZN additions.
The temperature dependence of the dielectric constant
and dissipation factor as a function of ZN content and sin
tering temperature are plotted in Fig. 15a and 15b. As can

### See Appendix B.
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Figure 14. SEM photomicrograph of a fracture surface of
the standard comoposition with various ZN con
tent. Magnification : X3000.
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(c). 0.89 m% ZN, sintered at 950°C for 3 hours.

(d). 1.79 m% ZN, sintered at 950°C for 3 hours.
Figure 14. SEM photomicrograph of a fracture surface of
the standard comoposition with various ZN con
tent. Magnification : X3000.

D i e l e c t r i c Constant
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D i e l e c t r i c Constant

(a). 1.79 m% ZN, sintered at 900°C for 3 hours.

(b). 0.89 m% ZN, sintered at 950°C for 3 hours,
Figure 15. Dielectric constant and dissipation factor vs.
temperature for specimens both with the same
standard composition but with different ZN
contents and sintering temperature.
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be seen from these figures, the dielectric and physical pro
perties of specimens with 0.9 m% ZN content and sintered at
950°C are better than those with 1.8 m% ZN and sintered at
900°C, because of a more dense microstructure with less
residual grain boundary phases.
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V. CONCLUSIONS

The PFN-PFW system can be sintered with either ZN or PZN
and combined with MnO additions at temperatures below 950"C
for 3 hours. Between these two compositions, ZN addition
results in a higher dielectric constant and maintains the
improvements in the dissipation factor and resistivity.

1. The dissipation factor decreases from 22% to less
than 1% and the resistivity increases from 108 ohm-cm
to 1011 ohm-cm as the MnO content increases from 0 m%
to 1.9 m%.
2. The best sintering condition for the standard compo

sition is at 1000 °C for 5 hours, which yields a
dielectric constant of 25,600, dissipation factor of
1.2%, resistivity of 2X1011 ohm-cm and density of 95%

theoretical.
3. The addition of excess PbO deteriorates the dielec
tric properties, because of the poor wetting and the
presence of the grain boundary phase,
4. The addition of PZN to the base composition allows a
liquid phase and a PZN solid solution to form in the
system, which helps to densify the material and
improve the dielectric properties. With 0.16 m% PZN
and sintering at 900°C for 3 hours, dielectric con
stants of 11,500, dissipation factors of 1.5% and
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resistivities of 1011 ohm-cm were observed.
5. With proper control of the ZN content, specimens can
be sintered below 950°C. A dielectric constant of
22,600, dissipation factor of 1.6% and resistivity of
1011 ohm-cm were obtained when specimens with the
standard composition and 0.89 m% ZN content were sin
tered at 950°C for 3 hours.
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APPENDIX A
CALCULATION OF THEORETICAL DENSITY
1.

2.

Basic Composition:
PFN

:

70 m%

PFW

:

30 m%

Lattice Constant of Basic Composition:
aPFN :

d-spacing of (100) peak in X-ray pattern
=0.0004 /im

aPFW :

d-spacing of (100) peak in X-ray pattern
=0.00039 ^m

3.

Weight of a unit cell:
WpFN = [lx(molecular weight of PbO)+(1/2)x(molecular
weight of iron + molecular weight of niobium)
+ 3x(molecular weight of oxygen)]/6.02xl023
=

5.47xl0“22 (gram/cell)

WpFw = [lx(molecular weight of PbO)+(l/3)x(2x molecular
weight of iron + molecular weight of niobium)
+ 3x(molecular weight of oxygen)]/6.06xl023
=
4.

5.87xl0-22 (gram/cell)

Theoretical Density:
D

= 0.7x[WpFN/(apFN)3 4
]+0.3x[WpFW/(aPFW)3]
= 8.71 (gram/cm3)
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APPENDIX B
MAXIMUM DIELECTRIC CONSTANT, CURIE TEMPERATURE,
DISSIPATION FACTOR AND RESISTIVITY AT Tc

SAMPLE

TC

Kmax

•c

1 kHZ

D.F.
%

Resistivity
ohm-cm

la.
1 hour

35

16900

10.44

1.4x10s

3

hours

34

18300

8.43

2xl09

5

hours

32

18500

5.7

2 . 6 X 1 0 10

33

17300

8.91

2.19X109

lb.
1 hour
hours

31

21800

3.43

2 . 7 X 1 0 10

5

hours

31

24000

1.65

1 . 2 X 1 0 11

31

21800

3.13

1 . 8 X 1 0 10

•

0
H

3

1 hour
3

hours

31

24400

1.49

5 . 5 x l 0 10

5

hours

30

25600

1.18

2 X 1 0 11

31

21600

1.87

6 .4xl09

Id.
1 hour
3

hours

31

24300

2.08

9.5X109

5

hours

31

26700

2.18

1 . 2 X 1 0 10

20 hours

29

29800

7.26

2.4xl08
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SAMPLE

TC

Kmax

°C

1 kHZ

D.F.
%

Resistivity
ohm-cm

II.
0

31

35300

24.95

5xl07

0.35

30

28200

2.68

8.6x10s

0.875

30

26200

1.18

6 . 7 X 1 0 10

1.4

29

23400

1.07

3 . 8 X 1 0 11

1.92

29

22300

1.05

4 . 7 X 1 0 11

0

31

21700

3.43

2 . 7 X 1 0 10

0.28

31

16300

11.48

1.4x10s

2.78

33

13100

11.48

3 .7xl07

5.56

34

12200

11.86

2xl07

III.
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SAMPLE

TC

Kmax

°C

1 kHZ

D.F.

Resistivity

%

ohm-cm

IVa.
900 °C

33

14900

2.64

1.7xl010

950 °C

36

17800

5.38

3xl08

1000°C

45

20600

10.76

5.4X107

900 °C

33

11400

1.45

1.lxlO11

950 °C

43

12300

4.1

1.lxlO9

1000°C

56

14100

10.05

8.9X107

900 °C

39

4800

1.24

7.6X1011

950 °C

47

8300

3.19

2xl010

1000°C

63

9100

5.33

1.lxlO9

IVb.

IVc.

Va.
0

33

18100

8.43

2xl09

0.89

31

18600

4.28

2.6xl010

1.79

31

18600

2.12

1.lxlO11

2.67

32

11100

5.07

6.2X1010

0

31

21700

3.43

2.7X1010

0.89

31

22600

1.57

1.2X1011

1.79

31

22300

2.36

2.8xl010

2.67

33

15800

2.81

8.9X109

Vb.
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Where
la «= 0.87 »% MnO content, sintered at 900 *C
lb = 0.87 m% MnO content, sintered at 950°C
Ic =

0.87 m% MnO content, sintered at 1000"C

Id =

0.87 m% MnO content, sintered at 1050*C

II = sintered at 1000°C for 5 hours with MnO content (xn%)
III = sintered at 950'C for 3 hours with PbO content (in%)
IVa = 8 m% PZN content, sintered for 3 hours
IVb = 16 m% PZN content, sintered for 3 hours
IVc = 24 m% PZN content, sintered for 3 hours
Va = sintered at 900°C for 3 hours with ZN content

(m%)

Vb = sintered at 950°C for 3 hours with ZN content

(m%)

